Abstract. The paper pressents an experimental study of Rankine cycle evaporator efficiency. Water was chosen as the working fluid in the system. The experimental test was conducted on a test bench equipped with a burner charged by compressed fresh air. Generated exhaust gases parameters were previously determined over the diesel engine operating range (28 engine operating points were studied). For each test point the working fluid parameters (flow rate and evaporating pressure) were varied. Thus, the enthalpy flow through the heat exchanger was determined. Heat exchanger was designed as 23 helical tubes are inserted. On the basis of the results, it was found out that efficiency varies from 25 % to 51,9 %. The optimal working fluid pressure is 20 bar at most of the operating points while the optimum fluid mass flow rate varies from 2 g/s to 10 g/s.
Introduction
Waste heat recovery by means of Rankine cycle is a promising approach for achieving significant reduction in fuel consumption and CO 2 emissions of the vehicles. The efficiency of Rankine cycle strongly depends on the heat transfer in heat exchanger from exhaust gases to the working fluid.
There are many types of heat exchangers depends on their design. As a function of flow direction they can be separated as: co-current and counter-current. Usually the opposite direction of the fluids (counter-current) leads to higher efficiency. According to the design, heat exchangers can be classified as: shell and tube, spiral tube, finned plate and finned tube heat exchangers [1, 2] . In order to select suitable heat exchanger many parameters have to be taken into account such as: heat exchange surface, operating pressure, operating temperature, mass flow rates, hydraulic losses, size, mass, price and etc. Usually, the higher heat exchange surface and the minimum heat exchange resistance are preferable.
Glavatskaya, in [3] presented a comparative study of the technologies for the Rankine cycle evaporator. In this study three heat exchangers were recommended: plate and fins exchanger, pipe bundle type exchanger and shell and tube exchanger. As a result of this study it has been found that for the same transferred energy, the tube bundle type technology is the most compact and it offers a moderate exhaust gas pressure drop. As a part of this study two types of condensers have been selected for use in a Rankine loop: a tube and fin exchanger for external air cooling, and a plate exchanger for using glycol water as a well cold. The comparative study of the condensers on these operating conditions showed that the water-glycol cooled plate condenser has the best ratio between size and performance. In the work of Danel [4] was presented experimental and numerical study of a heat exchanger constructed by 23 helical tubes situated along the evaporator which provides the heat exchange surface approximately 1,8 m
2
. The results show that its efficiency varies from 30 % to 42 %.
On the base of the reviewed articles [5] [6] [7] [8] [9] [10] [11] [12] [13] the tube heat exchangers were most commonly used. The efficiency varied from 24 % to 76 % depending on the design and operating conditions.
Experimental set-up and methodology

Experimental set-up
In order to conduct experimental research a test bench of Rankine cycle waste heat recovery system was used. The cycle including the following components: burner; heat exchanger (evaporator); cooler (condenser); reservoir and pump (Fig. 1) .
All of the components are connected by means of stainless steel tubes. The test equipment consists of two fluid paths: the first is the exhaust gases flow which comes from the burner and goes through the heat exchanger while the second is working fluid flow through the pump, heat exchanger, cooler and reservoir. Water was used as working fluid in this cycle. However, the test equipment can work with different fluids such as ethanol and etc. The working fluid was cooled down as cold water with variable mass flow rate circulates through the condenser. In this test bench an expansion machine was not used. In order to keep the working fluid pressure an electro vane was used. The purpose of the burner is to produce exhaust gases with the same parameters of that produced by a modern diesel engine. The burner operates with diesel fuel while the fresh air comes from a compressor. The enthalpy of exhaust gases can be varied by variation of the fuel and air mass flow in the burner. In order to simulate various combination of temperature and mass flow rate a part of fresh air passes outside the burner. Fresh air mass flow is setting by a vane, the main part of this flow goes to the burner and a second part is mix with burned gas to set the temperature. The fuel is injected in the burner by a pump and an internal by-pass is used to set the fuel mass flow.
The test bench is equipped with thermo-couples type K for measuring the temperature of the working fluid and exhaust gases, pressure sensors for acquiring the pressure drop on the exhaust gases flow and working fluid through the heat exchanger as well as the pressure in the condenser. Mass flow sensors are used for measuring the mass flow rate of working fluid, cooling water as well as of the air and fuel through the burner. In order to collect the experimental data a National Instruments DAQ model 6218 and a LabView based program were used.
For experimental test a counter-current flow heat exchanger was developed. The working fluid circulates inside the helical tubes situated along the evaporator. The number of tubes is 23 which provides the heat exchange surface approximately 1,8 m 2 .
Methodology
The experimental study was carried out with the exhaust gas parameters (temperature and mass flow) previously determined at different operating points of the diesel engine. Thus, 28 engine operating points were selected (Fig. 2) . For each point the exhaust gases temperature (T g ) and mass flow were measured on the engine test bench at the exhaust system 1,5 m downstream the turbocharger.
The burner injector can operate with four orifices with different size. Therefore, the burner is limited in terms of the fuel flow rate. For that reason, within the engine operating area with brake mean effective pressure (BMEP) of less than 6,6 bar, the fuel flow rate did not allow a combustion process with demanded exhaust gas parameters (temperature and flow). Thus, the engine operating field with BMEP below 6,6 bar was not studied.
The experimental test was carried out as follows: • On the Rankin cycle based test bench, the exhaust gases with the same temperature and mas flow rate, determined for each of the selected engine operating point ( Fig. 2) were simulated.
• The flow rate and pressure of the working fluid in the system were varied. The mass flow rate of the working fluid (m wf ) was set up to 2, 4, 6, 8 and 10 g/s, while for the pressure (p wf ) was 5, 10, 15 and 20 bar. These values were selected in order to meet the safety requirements of the system and to meet the requirements of the experimental test bench.
• After establishing the steady heat transfer in the Rankin cycle for each studied point, the temperature and pressure of the working fluid, the exhaust gases temperature as well as the mass flow rate of both fluids were measured. The results which are close to the saturation curve or even on the left side of the curve are not presented, because in these cases the working fluid is not completely evaporated. For this reason, results are not presented for the engine rotation speed (n) below 1200 min -1 and for some points with low engine load.
Experimental results
Results present the variation of the heat exchanger outlet exhaust gases temperature and outlet working fluid temperature as a function of the working fluid pressure. Here, the results at maximum engine load and speed of 1200, 2000, 2800, 3500, and 4000 min -1 are presented. Therefore, the variation of the exhaust gases temperature at the outlet of the heat exchanger (evaporator) as a function of the working fluid pressure are presented in the Fig. 3 to 7 .
The variation of the exhaust gas temperature (Fig. 3 ) is within the range of 216 °C to 236 °C. The maximum value is at 20 bar working fluid pressure.
The exhaust gases temperature (Fig. 4) varies from 242 °C to 250 °C. The maximum value was obtained at 5 bar operating pressure.
In Fig. 5 the exhaust gases temperature at the outlet of the evaporator ranges from 311 °C to 322 °C. The maximum value was measured at 5 bar operating pressure. The temperature variation in Fig. 6 is within the range of 271 °C to 281 °C. The maximum value was measured at working fluid pressures 10 bar and 15 bar.
In Fig. 7 the exhaust gases temperature at the outlet of the evaporator ranged from 273 °C to 281 °C. The maximum value is at a working fluid pressure of 10 bar.
In Fig. 8 to 12 , the variation of the working fluid temperature at the outlet of the evaporator depending on the operating pressure in the system is presented.
The variation of the working fluid temperature at the outlet of the evaporator shown in Fig. 8 is within the range of 155 °C to 215 °C. The values varied as a function of the pressure of the working fluid. For each pressure value the temperature is close to evaporation temperature, which means low degree of overheating. It can be explained by the low exhaust temperature at this operating point. point the exhaust gases enthalpy is higher which lead to higher working fluid temperature.
The temperature presented in Fig. 10 is in the range of 161 °C to 300 °C. There is a significant increase in the working fluid temperature at this engine operating point. Here, it can be stated that the full evaporation of the fluid occurs.
The results in Fig. 11 present that the temperature varies from 159 °C to 240 °C. The results in Fig. 12 present that the outlet working fluid temperature varies from 156 °C to 234 °C.
The results obtained from the test were used in order to assess the heat transfer from the exhaust gases to the working fluid and then the efficiency of the heat exchanger was calculated.
The evaporator efficiency is calculated as follows:
where m wf -mass flow rate of the working fluid, g/s; m g -mass flow rate of the exhaust gases, g/s; h fs -specific enthalpy of the working fluid at the outlet, kJ/kg; h fe -specific enthalpy of the working fluid at the inlet, kJ/kg; c pg -specific heat capacity of the exhaust gases, J/kg.K; T ge -temperature of the exhaust gases at the inlet, K; T o -ambient temperature, K. Fig . 13 to 17 show the efficiency of the evaporator in that operating points in which the working fluid temperature and exhaust gases temperature at the evaporator outlet are presented in the previous part. The efficiency is presented as a function of working fluid pressure.
In Fig. 13 the efficiency of the evaporator slightly decreases as increasing the working fluid pressure. Here, the efficiency ranged from 40 % to 44 %. The efficiency of the evaporator at the engine operating at 2000 min -1 (Fig. 14) is in range from 49,6 % to 50,8 %. The maximum was observed at working fluid pressure of 10 bar.
In Fig. 15 , the efficiency varied from 34,4 % and 36,8 %, the maximum value corresponds to a pressure of 20 bar.
The efficiency of the evaporator shown in Fig. 16 is within the range of 32,9 % to 35,3 %, with the maximum value at 5 bar operating pressure.
The efficiency of the evaporator at 4000 min -1 and full engine load (Fig. 17) varied from 34,4 % to 36,1 %, the maximum value was observed at a working fluid pressure of 5 bar.
At full engine load the evaporator efficiency ranged from 32 % to 50,8 %. The maximum value was observed at engine operating point corresponds to maximum engine at engine speed of 2000 min -1 and BMEP of 20,3 bar. and BMEP of 15,2 bar. The minimum value was achieved at 3500 min -1 and 6,6 bar BMEP. On the base of the results the evaporator efficiency is higher at the engine operating range with maximum efficiency of the engine. Fig. 19 shows the variation of the thermal power of the working fluid after the evaporator, corresponding to the maximum values of the evaporator efficiency, presented in the engine operating map. The thermal power of the working fluid at the outlet of the evaporator increases as increasing the engine speed and load. The maximum power of the working fluid was estimated to be 35 kW at the engine operating corresponds to maximum engine power (4000 min -1 and BMEP 14,7 bar). On the basis of this experimental study, the optimal value for the working fluid mass flow and pressure in the Rankine cycle were determined. The working fluid pressure variation is shown in Fig.  21 . The optimal pressure varies from 5 bar to 20 bar. As it can be seen on the graph the working fluid pressure of 20 bar is optimal in large area on the engine map. 
Conclusions
Studied waste heat recovery system based on the Rankin cycle does not allow complete evaporation of the working fluid at all engine operating points. In the case of low energy of the exhaust gases, it is not possible to fully evaporate the working fluid.
The efficiency of the evaporator prototype varies from 25 % to 51,9 % in the studied engine operating range. The maximum efficiency was in the area with the maximum engine efficiency.
The variation of the working fluid thermal power after the evaporator depends on the exhaust gases energy at the evaporator inlet and increases with increasing engine speed and load.
On the basis of the experimental test, the optimal values for the mass flow rate and pressure of the working fluid in the system based on the Rankin cycle were determined.
